Glyphosate resistance was found in a rigid ryegrass population in northern California. A sample of the resistant plants were collected and grown under greenhouse conditions. The objective of this study was to evaluate glyphosate resistance in the progeny of the collected plants by recurrent selection, obtain the homozygous resistant and sensitive lines to establish dose-response curves, and to determine the inheritance of glyphosate resistance in rigid ryegrass. Diverse levels of resistance were observed in the first generation with survival of 89, 59, 45, and 9% from glyphosate at 1x, 2x, 4x, and 8x respectively, where x ϭ 1.12 kg ha Ϫ1 isopropylamine salt of glyphosate. Clones of plants that died from 1x were allowed to produce seed and were further subjected to recurrent selection to generate the most sensitive plants (S lines), which died from 0.125x glyphosate. The most resistant plants (R lines) were generated from the survivors receiving 8x glyphosate. The ratio between I 50 rates for the glyphosate resistant and the glyphosate sensitive plants was Ͼ 100-fold. The R and S lines were crossed reciprocally and F 1 progeny of both (R ϫ S) and (S ϫ R) showed intermediate resistance. These survived up to 2x glyphosate. The F 2 progeny were generated by intercrossing of F 1 plants. The ratio of sensitive, intermediate, and resistant plants in the F 2 population before the treatment of glyphosate at 0.125x followed by 8x was 1 : 16, 14 : 16, and 1 : 16 respectively, which corresponded to the Mendelian segregation ratio of two genes. The results indicated that the inheritance of glyphosate resistance in rigid ryegrass from California appeared to be nuclear, incompletely dominant, multigenic, and pollen-transmitted with no indication of maternal inheritance.
After glyphosate use for more than 30 yr, some species of weeds resistant to glyphosate have been reported in several countries (Heap and LeBaron 2001) . Glyphosate resistance has been reported in rigid ryegrass in Australia (Powles et al. 1998; Pratley et al. 1999) and California (Simarmata et al. 2001) , goosegrass (Eleusine indica) in Malaysia (Lee and Ngim 2000; Tran et al. 1999) , horseweed (Conyza Canadensis) in Delaware (VanGessel 2001) , Italian ryegrass (Lolium multiflorum) in Chile (Perez and Kogan 2003) , hairy fleabane (Conyza bonariensis) and buckhorn plantain (Plantago lanceolata) in South Africa (Heap 2004) .
Rigid ryegrass found in California was most likely introduced from the Wimmera-Mallee area of Victoria, Australia, where this grass was commonly naturalized (Anderson and Sharp 1995; Sawyer and Keeler-Wolf 1997; Skinner and Pavlik 1994) . After natural selection for 13 generations at Pleasanton, CA, Wimmera ryegrass was released in 1962 (PI 11419) by the California Agricultural Experiment Station, Davis, CA, and the Plant Material Center, Soil Conservation Service, Lockeford, CA (Hickman 1993; Skinner et al. 1994) . It was used as a forage and cover crop for revegetation of disturbed areas and for wildfire burn rehabilitation (Sawyer et al. 1997) . The current distribution of rigid ryegrass in the United States includes Oregon, California, Arizona, Texas, Louisiana, and Missouri (USDA 2000) .
Breeding methods used for the first released rigid ryegrass cultivar in the United States were natural selection and roughing (Anderson and Sharp 1995) . These methods identified and disposed of abnormal plants, and those with desirable characteristics were used as parents to generate the following cycles. The breeding method described by Corkill (1956 ) is ideal for self-incompatible plants. The procedures are most likely similar to a poly-cross breeding cycle used in the Institute of Grassland and Environment Research (IGER) breeding program (Thorogood 2003) . Individual plants that have specified phenotypic characteristics were selected from the population and used for parents of the new generation. Although Corkill (1956) found that six was the optimum number of plants to obtain and retain in the subsequent generations, this number would be dependent on the heterozygosity and heterogeneity for any character.
The genus Lolium includes five species worldwide. They can be separated into the allogamus (self-incompatible) group including Lolium perenne L. (perennial ryegrass), L. multiflorum Lam. (annual ryegrass), and L. rigidum Gaud. (rigid ryegrass) and the autogamus (self-compatible) group including L. temulentum L. and L. remotum Schrank (Thorogood 2003) .
Allogamus plants are self-incompatible and naturally outcross within or between species in the same genus (Terrel 1968; Thorogood 2003) . The ploidy level of ryegrass is diploid and has 14 chromosomes (2n ϭ 14). The origin of rigid ryegrass has been proposed to be from European countries such as Corsica, Italy, and France (Clayton and Revoize 1986; Terrel 1968) .
Inheritance of herbicide resistance in weeds may influence the management of weed resistance, including gene flow, dispersal, and spread of resistant genes within and between weed populations (Diggle and Neve 2001) . Most herbicide resistance is from nuclear inheritance with a single and partial-dominant gene (Diggle and Neve 2001; Gasquez 1997) . Chlorotoluron resistance in blackgrass (Alopecurus myosuroides) is the only current example of multigenic inheritance of an herbicide resistant weed (Chauvel and Gasquez 1994) . Maternal inheritance has been shown for triazine resistance (Darmency 1994) . The inheritance of glyphosate resistance has been studied in goosegrass from Malaysia (Ng et al. 2004) , rigid ryegrass from Australia (Lorraine-Colwill et al. 2001) , and horseweed in the United States (Zelaya et al. 2004 ). These studies concluded that the inheritance of glyphosate resistance was nuclear controlled by a single semidominant gene. However, Pratley et al. (1999) reported the involvement of multiple genes for glyphosate resistance in another population of rigid ryegrass from Australia. The inheritance of glyphosate resistance in rigid ryegrass from California has not been reported. Biological characteristics of rigid ryegrass, such as allogamus, need to be considered before starting an investigation on the genetic inheritance. Diggle and Neve (2001) suggested several cycles of selection to generate a homozygous genotype if two genes controlled the inheritance of herbicide resistance. This study was conducted to determine the dose-response curve and to determine the inheritance of glyphosate resistance in a California rigid ryegrass population.
Materials and Methods

Plant Materials
Glyphosate resistance was observed in a rigid ryegrass population near Chico, CA, in 1998. The site was an almond orchard intensively treated with glyphosate since it was established in 1984. Seven glyphosate resistant plants that survived glyphosate at doses up to 2.24 kg ae ha Ϫ1 (2ϫ field rate) were collected, the seed they produced bulked and maintained for further studies in the greenhouse at Michigan State University.
Information from the farmer indicated that the site had received between 1x and 2x glyphosate in the last 15 yr with four to five applications yearly. The origin of ryegrass in California was not known, but some literature stated that it was first released as ''Wimmera ryegrass'' in 1962 with a common name similar to Wimmera ryegrass in Australia (Hickman 1993; Skinner et al. 1994 ). We do not know whether the collected ryegrass plants were related to the plants that had been released in 1962.
Glyphosate Resistance Evaluation and Dose-Response Curve
Progeny from seed from collected plants were designated as the first generation. About 900 seedlings of the first generation were grown collectively. At the one-leaf stage, seedlings were transplanted into 950-ml pots containing professional planting mix media 1 . Plants were maintained in the greenhouse under supplemental sodium vapor light at 1,000 mol m Ϫ2 s Ϫ1 with 16-and 8-h day and night regimes, watered daily, and fertilized weekly with nitrogen-phosphorus-potassium (NPK) water-soluble fertilizer (20-20-20) .
One tiller from each pot was removed and repotted for seed production if the clone plants died.
For evaluation of glyphosate resistance, plants of the first generation were sprayed at the tillering stage, about 3 to 4 wk after transplanting when they had 5 to 6 tillers, and were 5-to 8-cm tall. Glyphosate 2 plus 1% ammonium sulfate (AMS) was applied at 1.12 kg ae ha Ϫ1 (1x), 2x, 4x, and 8x. Spray volume was 187 L ha Ϫ1 delivered at 173 kPa pressure using a flat-fan nozzle 3 . Plant survival was evaluated 3 to 4 wk after treatment (WAT). Data presented are means of two experiments with 90 replications per treatment and are the percentage of plants that survived or died.
The dose response of the first generation of collected rigid ryegrass from California could not be established because plant injury within each glyphosate rate ranged from 0 to 100% in this population. To generate homozygous genotypes of plant materials indicated by uniform sensitivity to a glyphosate rate, clones of the sensitive plants (died from 1x) and those surviving 8x were used for seed production. At least 20 plants each of the sensitive and resistant clones were pooled and maintained in separate greenhouses for seed production as described previously. Seeds were harvested at physiological maturity and designated as the second generation. Thirty plants in each of two experiments of the second generation of sensitive plants were grown individually in pots and further screened with 0.25 and 0.125x glyphosate. Clones from the most glyphosate-sensitive plants (died from 0.125x) were again used for seed production as described previously and designated as the third generation. At rates below 0.125x the glyphosate-sensitive plants did not die. The second generation of glyphosate-resistant plants (uniformly survived 8x glyphosate) and the third generation of sensitive rigid ryegrass plants (died from 0.125x glyphosate) are designated as the R and S lines, respectively.
A dose-response study was conducted on the R and S lines of rigid ryegrass. The rates of glyphosate were 0.125, 0.25, 0.5, 1, 2, 4, 6, 8, 10, and 12x. Plants were evaluated for visual injury at 4 WAT. Data (4 WAT) from two experiments with 8 replications of each treatment were analyzed by nonlinear regression and fitted to a log-logistic model:
where y is predictive of plant injury (% of control), X 50 ϭ dose required to obtain 50% injury, and b is the slope at X 50 .
Inheritance Study
Cross pollination was arranged in the greenhouse between one plant each of the R and S lines that had similar maturity. To prevent pollen contamination from unwanted ryegrass, the plants were covered with transparent plastic. The likelihood of selfing is less than 3% (Thorogood 2003) . About 500 seeds from both R and S plants were harvested at maturity and kept separately. F 1 plants were grown and maintained similarly as previously described. The F 1 progeny were evaluated for glyphosate sensitivity when the plants were 5-to 8-cm tall. Glyphosate was sprayed at 0.125, 0.5, 0.25, 1, 2, 4, 6, and 8x and the spray solutions prepared and delivered as described previously. The response of 10 plants in each of two experiments to glyphosate was record- ed 3 and 4 WAT. Uniform response to a glyphosate rate indicated that the R and S parents used for cross-pollination were genetically homozygous.
Twenty uniform, nonsprayed plants of the F 1 progeny (R ϫ S) were grown and pooled to allow intercrossing to generate F 2 . Seeds were harvested at maturity and grown as described previously. Glyphosate sensitivity was further evaluated in the F 2 population. At the tillering stage, as described previously, 400 plants of the F 2 population were sprayed with 0.125x glyphosate (the rate used to identify the sensitive parent). The number of sensitive plants (severely injured and dead) was recorded 3 to 4 WAT. The survivors were reacclimated for another week and resprayed with 8x glyphosate (the rate used to identify the resistant parent). The number of survivors was recorded at 3 to 4 WAT. The remaining plants from the plant population that showed a response between sensitive and resistant rates were identified as intermediate. Expected ratios in the F 2 population between sensitive, intermediate, and the resistant were evaluated with the model of one or two genes involved in the inheritance of glyphosate resistance (Diggle and Neve 2001) . Chi-square analyses were used to determine the most acceptable ratio for F 2 segregation and the inheritance of the glyphosate resistance.
Results and Discussion
Glyphosate Resistance Evaluation and Dose-Response Curve
The collected plants produced seeds in the greenhouse after 8 to 10 wk. The seeds were designated as the first generation, harvested, and replanted for glyphosate-resistant evaluation. The percentages of survivors were 89, 59, 45, and 9% following glyphosate application at 1x, 2x, 4x, and 8x, respectively (Table 1 , Figures 1A and 1B) . Diverse sensitivity at each glyphosate level indicated that the collected plants were genetically heterozygous and that segregation occurred in the first generation. The collected plants may have been a cross between ryegrass biotypes as rigid ryegrass is in the allogamus group of the genus Lolium.
Homogenous resistant plants (R line) were generated from rigid ryegrass resistant to 8x glyphosate (Figure 1 ). Glyphosate sensitivity of the second generation from the clones of sensitive plants (died from 1x) is shown in Table  2 . Sensitive plants (S line) for the third generation were produced from clones of plants that died from glyphosate applied at 0.125x (Table 2) . Dose-response curves of the R and S lines are shown in The ratio of glyphosate rates between the R and S lines for I 50 (50% injury) was Ͼ 100-fold (ratio of 11x to 0.1x). Plant injury of R line was about 20% from 8x glyphosate at 4 WAT, and they totally recovered 5 WAT ( Figure 3A) . However, the sensitive plants were dead from 1/8x glyphosate ( Figure 3B ). This Ͼ 100-fold ratio indicated a very high magnitude of glyphosate resistance in rigid ryegrass generated from the collected ryegrass from California compared with other weeds that demonstrated resistance to glyphosate (Heap 2004) 
Inheritance of Glyphosate Resistance
The R and S lines were successfully crossed in the greenhouse. Seeds of F 1 progeny were harvested separately from both R and S parents. Glyphosate sensitivity in the F 1 progeny harvested from R parents (R ϫ S) and from S parents (S ϫ R) appeared to be intermediate and only survived up to 2x glyphosate. Plants of the F 1 progeny from (R ϫ S) and (S ϫ R) ranged in injury from 0 to 10% and 50 to 60% from 1x and 2x glyphosate, respectively, 3 WAT. The injury from 2x glyphosate decreased to 20 to 30% by 4 WAT, and full recovery was observed after 5 wk (data not shown). Glyphosate at 4x and higher rates killed the F 1 plants. The data indicated that the inheritance of glyphosate resistance in rigid ryegrass from California was partial dominance and pollen-transmitted, with no indication of maternal inheritance.
Nonsprayed F 1 progeny (20 plants) from R ϫ S were intercrossed to produce F 2 . Glyphosate sensitivity evaluation and chi-square analysis of the F 2 population are shown in Table 3 . Plants that died from 0.125x and those that survived 8x of glyphosate were designated genotypically similar to the S and R parents, respectively. The rest of the plants in the population were identified as intermediate between sensitive and resistant plants. The expected ratio and chisquare analysis based on Mendelian segregation are shown in Table 3 .
In the F 2 population of 400 plants intercrossed from R ϫ S, 27 plants were sensitive (died from 0.125x glyphosate), 352 were intermediate (between S and R), and 21 plants were resistant (survived 8x glyphosate). These numbers were tested against the hypothesized distribution ratio of (1/4) : (2/4) : (1/4), and (1/16) : (14/16) : (1/16) associated with inheritance by one or two genes, respectively. Values of the 2 ( 2 ϭ 0.8; 0.75 Ͻ P Ͻ 0.90) with the tested ratio (1/ 16) : (14/16) : (1/16) indicated that at least two genes were involved in the inheritance of glyphosate resistance (Table  3 ). The involvement of multiple genes for glyphosate resistance in the rigid ryegrass collected from California is similar to the results reported by Feng et al. (1999) and for rigid ryegrass from Australia but different from the inheritance study published by Lorraine-Colwill et al. (2001) , who concluded that the inheritance of glyphosate resistance in rigid ryegrass involved a single semidominant gene.
In summary, rigid ryegrass is an allogamus species that naturally outcrosses and is self-incompatible. The glyphosate-resistant ryegrass population from northern California appeared taxonomically to be L. rigidum. However, the possibility of past hybridization with other Lolium species was not eliminated. Recurrent selections through eight and four generations were necessary to generate the homozygous-resistant and -sensitive parent, respectively, for the genetic inheritance study. Ratio of glyphosate I 50 between resistant and sensitive was Ͼ 100-fold. This ratio appeared to be the highest reported for glyphosate-resistant weeds. The inheritance of glyphosate resistance in rigid ryegrass from California appeared to be nuclear, semidominant, multigenic, and pollen-transmitted with no indication of maternal inheritance (Table 3) . Based on the results obtained, highapplication rates of glyphosate may control the heterozygous population decreasing potential spread of the resistant population as discussed by Diggle and Neve (2001) .
Sources of Materials
